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Elastic and radiative heavy quark interactions with light partons are studied with the partonic
transport description BAMPS (Boltzmann Approach to MultiParton Scatterings). After calculating
the cross section of radiative processes for finite masses in the improved Gunion-Bertsch approxima-
tion and verifying this calculation by comparing to the exact result, we study elastic and radiative
heavy quark energy loss in a static medium of quarks and gluons. Furthermore, the full 3+1D space-
time evolution of gluons, light quarks, and heavy quarks in ultra-relativistic heavy-ion collisions at
the BNL Relativistic Heavy-Ion Collider (RHIC) and the CERN Large Hadron Collider (LHC) are
calculated with BAMPS including elastic and radiative heavy flavor interactions. Treating light
and heavy particles on the same footing in the same framework, we find that the experimentally
measured nuclear modification factor of charged hadrons and D mesons at the LHC can be simulta-
neously described. In addition, we calculate the heavy flavor evolution with an improved screening
procedure from hard-thermal-loop calculations and confront the results with experimental data of
the nuclear modification factor and the elliptic flow of heavy flavor particles at RHIC and LHC.
I. INTRODUCTION
Ultra-relativistic heavy-ion collisions are a unique tool
to study the properties of the interactions between quarks
and gluons. Due to the large energy density created in
such collisions quarks and gluons are not confined in pro-
tons and neutrons any more, but are the relevant de-
grees of freedom forming the quark-gluon plasma (QGP).
Many experimental observations at the BNL Relativistic
Heavy-Ion Collider (RHIC) and the CERN Large Hadron
Collider (LHC) indicate that such a plasma is indeed
produced in heavy-ion collisions at these colliders (for
reviews see, for instance, Ref. [1, 2]). Important obser-
vations include collective effects, most prominently the
elliptic flow in semi-central collisions, and the quenching
of jets through the nuclear modification factor in central
collisions.
Heavy quarks are a particularly helpful probe for
studying the properties of the medium. Their creation
time is well defined since they are either produced in ini-
tial hard parton scatterings or due to their large mass in
the early stage of the QGP evolution, where the energy
density is still large [3]. While traversing the created
medium they lose energy and participate in the collec-
tive flow. Therefore, heavy flavor observables can reveal
insights in the properties of the medium itself as well as
the interaction strength between heavy and light parti-
cles. Furthermore, the quark flavor (for heavy quarks in
heavy-ion collisions charm and bottom is most relevant)
is conserved during hadronization such that the associ-
ated heavy mesons (D and B mesons coming from charm
and bottom, respectively) or their decay products are in
principle uniquely related to the heavy quarks.
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The existing literature on heavy flavor interaction
mechanisms can be sorted into three categories: 1) pQCD
inspired interactions [4–32], 2) resonance scatterings
[33–39], and 3) strong coupling interactions calculated
from AdS/CFT correspondence [40–43]. The pQCD in-
spired models include either elastic [4, 6, 7, 13, 14, 18–
21, 24, 30] or radiative [31] processes or both [5, 8–12, 15–
17, 22, 23, 25–29, 32].
In this paper we study heavy quark interactions based
on pQCD cross sections with the partonic transport
description BAMPS via coupled relativistic Boltzmann
equations. Previous heavy flavor BAMPS calculations
[18, 19, 44] included only elastic interactions with the rest
of the QGP. In this paper we introduce the implementa-
tion of the radiative heavy flavor processes in BAMPS,
compare them to elastic interactions in a static medium,
and confront the nuclear modification factor and elliptic
flow of various heavy flavor particles with experimental
measurements at RHIC and LHC.
The paper is organized as follows. After a short in-
troduction to BAMPS in the next section, we generalize
the improved Gunion-Bertsch calculation for the radia-
tive matrix element from Ref. [45] to finite masses in
Sec. II A. The full calculation is shown in the Appendix.
In Secs. II B and IIC we show that the dead cone ef-
fect is present in our expression for heavy flavor radia-
tion and compare the improved Gunion-Bertsch approx-
imation to the exact calculation, respectively. Further-
more, the LPM implementation is described in detail in
Secs. II D and II E. In Sec. III the elastic and radiative en-
ergy loss of heavy and light partons in a static medium is
calculated and put into context. Full heavy-ion collisions
are considered in Sec. IV. First we compare the suppres-
sion of heavy and light particles with standard Debye
screening to experimental data. In Sec. IVB heavy fla-
vor observables are calculated for an improved screening
2procedure and confronted to experimental data at RHIC
and LHC. Finally, we conclude with Sec. V. Many results
of this paper are based on Ref. [46]. We refer to this the-
sis also for additional information and in-depth analysis
of heavy flavor processes.
II. THE PARTON CASCADE BAMPS
The partonic transport model BAMPS (Boltzmann
Approach to MultiParton Scatterings) [47–49] has been
successfully applied to study the partonic evolution in
ultra-relativistic heavy-ion collisions by solving the Boltz-
mann transport equation,(
∂
∂t
+
p
E
∂
∂r
)
fi(r,p, t) = C2→2i + C2↔3i + . . . , (1)
for on-shell partons. The interaction probabilities are cal-
culated from pQCD cross sections for elastic and inelas-
tic partonic processes. Recently, it has been shown [49]
that the explicit consideration of the running of the cou-
pling together with the improved Gunion-Bertsch cross
section [45] and an effective description of the LPM effect
can describe the experimentally measured data of the nu-
clear modification factor for neutral pions at RHIC and
charged hadrons at LHC. Employing the same cross sec-
tions within the same model also a sizeable elliptic flow
on the partonic level is observed, which is due to a small
shear viscosity to entropy density ratio [49].
Previous BAMPS studies on the heavy flavor sector
[18, 19, 44] included only elastic heavy quark interactions
with light partons from the rest of the medium. The
cross sections of such elastic interactions are calculated
in leading order pQCD and explicitly take into account
the running of the coupling. Furthermore, the screening
mass µ to regularize infrared divergences is calculated by
matching hard thermal loop results for the energy loss of
heavy quarks in a static medium [13, 18, 50]. To this end,
the screening mass is proportional to the Debye massmD,
µ2 = κtm
2
D with κt = 1/(2e) ≈ 0.2.
The initial heavy flavor distribution is obtained from
MC@NLO [51, 52] in next-to-leading order, which agrees
well with experimental data of heavy flavor particles in
proton-proton collisions [19]. The initial light parton dis-
tribution is obtained from pythia [53, 54] as described
in Ref. [3]. The spatial distribution of all particles is
sampled according to the Glauber model [3, 47]. Details
on the heavy flavor implementation in BAMPS can be
found in Refs. [3, 18, 19].
In the following we introduce the implementation of
radiative bremsstrahlung processes off a heavy quark.
These 2→ 3 interactions are calculated in the improved
Gunion-Bertsch approximation, which is outlined in the
next section. After we show in Sec. II B that the dead
cone effect is explicitly present in our result, we compare
in Sec. II C the Gunion-Bertsch approximation to the ex-
act result. In Sec. II D we introduce the implemented
description of the LPM effect, which is analogous to the
implementation of light partons in BAMPS, but explic-
itly takes the finite mass of heavy quarks into account.
Thereafter, some kinematic consequences of the LPM im-
plementation are highlighted in Sec. II E.
A. Gunion-Bertsch matrix element for heavy
quarks
This approximation gives a comparatively simple ex-
pression for the gluon radiation amplitude in terms of the
transverse momentum of the radiated gluon k⊥ and the
transverse exchanged momentum q⊥.
As outlined in the Appendix, the total squared matrix
element for the process qQ→ qQg summed and averaged
over spin, polarization, and color states reads
∣∣MqQ→qQg ∣∣2 = 12g2 ∣∣MqQ→qQ∣∣2 (1− x)2
×
[
k⊥
k2⊥ + x
2M2
+
q⊥ − k⊥
(q⊥ − k⊥)2 + x2M2
]2
. (2)
∣∣MqQ→qQ∣∣2 denotes the averaged squared matrix ele-
ment for qQ → qQ. This result explicitly demonstrates
that in the high-energy limit the matrix element of the
2→ 3 process factorizes into an elastic 2→ 2 part and a
gluon emission amplitude. For the massless case,M = 0,
Eq. (2) reduces to the improved GB result from Ref. [45].
As outlined in Ref. [45] the factor (1 − x)2 in Eq. (2)
leads to a sizeable suppression of the amplitude at for-
ward rapidity, where x > k⊥/
√
s, which is immediately
evident from Eq. (27). This factor is not present in the
final result of Gunion and Bertsch, while it is included
in intermediate steps of their calculation. In Ref. [45] we
also argued that the calculation in A+ = 0 gauge with
the employed approximations is not valid at backward ra-
pidity, which also holds for the heavy quark calculation.
To this end, one can do the same calculation in A− = 0
gauge and symmetrize the result. Setting
x′ =
k⊥√
s
e−y , (3)
the final result for the averaged squared matrix element
in A− = 0 gauge reads
∣∣MqQ→qQg ∣∣2 = 12g2 ∣∣MqQ→qQ∣∣2 (1− x′)2
×
[
k⊥
k2⊥
+
q⊥ − k⊥
(q⊥ − k⊥)2
]2
. (4)
Note that no mass terms are present in the denominators
of the bracket since the gluon is now emitted off the light
quark line. Apart from this, Eq. (4) is simply the result
obtained from the A+ = 0 gauge, cf. (2), with x being
replaced by x′. Since both results are also valid at mid-
rapidity it is self-evident to combine Eqs. (2) and (4) to
3∣∣MqQ→qQg∣∣2 = 12g2 ∣∣MqQ→qQ∣∣2
[
Θ(y)(1− x)2
[
k⊥
k2⊥ + x
2M2
+
q⊥ − k⊥
(q⊥ − k⊥)2 + x2M2
]2
+Θ(−y)(1− x′)2
[
k⊥
k2⊥
+
q⊥ − k⊥
(q⊥ − k⊥)2
]2]
≃ 12g2
∣∣MqQ→qQ∣∣2 (1− x¯)2
[
k⊥
k2⊥ + x
2M2
+
q⊥ − k⊥
(q⊥ − k⊥)2 + x2M2
]2
, (5)
where we have defined
x¯ =
k⊥√
s
e|y| . (6)
Going from the first to the second line we added the terms
x2M2 also in the denominators of the backward rapid-
ity terms proportional to Θ(−y). This is valid within the
approximations since x (not x′ or x¯) is small at backward
rapidity according to its definition (27). In the following
we refer to this result as the improved GB matrix element
for heavy quarks since it is not only valid at mid-rapidity,
but also at forward and backward rapidity. In Sec. II C
we compare this result to the exact matrix element with-
out any approximations.
As a note, the idea of decomposing the phase space in
forward and backward rapidities was also used in Ref. [55]
for the inelastic scattering of a light and heavy quark in
the GB approximation, although the (1− x¯)2 factor was
neglected.
In Ref. [56] the matrix element for the process q+Q→
q + Q + g has been calculated in Feynman gauge with
slightly different approximations. We checked that this
calculation and the calculation in the present paper agree
within their approximations, which is an independent
check that our calculations are correct.
The observed factorization of the GB matrix element
into an elastic part and a gluon emission amplitude in the
high-energy limit, cf. for instance Eq. (5), immediately
implies that the GB calculation is also valid for other
2 → 3 processes, such as Qg → Qgg or for light partons
qg → qgg or gg → ggg. In the high-energy limit of the
GB approximations the specific nature of the scattering
particles becomes irrelevant for the structure of the re-
sulting matrix elements. Therefore, Eq. (5) also holds for
processes other than the one explicitly considered here if
one takes into account the different color prefactors of
the corresponding 2→ 2 small angle amplitudes,
∣∣MgQ→gQ∣∣2 ≃ 9
4
∣∣MqQ→qQ∣∣2 , (7)
and for light partons,
∣∣Mgg→gg∣∣2 ≃ 9
4
∣∣Mqg→qg∣∣2 ≃
(
9
4
)2 ∣∣Mqq′→qq′ ∣∣2 . (8)
In summary, one can split the squared matrix element
of the QCD bremsstrahlung process into the contribution
from the elastic scattering plus a radiative factor P gM in
the high-energy limit. For heavy quarks it reads∣∣Mg(q)+Q→g(q)+Q+g ∣∣2 = ∣∣Mg(q)+Q→g(q)+Q∣∣2 P gM (9)
with
P gM = 12g
2 (1− x¯)2
×
[
k⊥
k2⊥ + x
2M2
+
q⊥ − k⊥
(q⊥ − k⊥)2 + x2M2
]2
, (10)
which depends on the mass M of the heavy quark.
The final result (9) is proportional to g6 or α3s due to
the three vertices, two associated with the 2 → 2 part
and one with the emitted gluon. Explicitly consider-
ing the running of the coupling, it is sensible to choose
proper scales since this reduces the influence of higher
orders. The relevant scale for the binary part is the mo-
mentum transfer t. The only scale associated with the
vertex of the emitted gluon is its transverse momentum
k⊥. Hence, the coupling of the 2 → 3 matrix element
goes with α2s(t)αs(k
2
⊥). Considering medium effects and
the running coupling, the radiation factor from Eq. (10)
modifies to
P gM = 48παs(k
2
⊥) (1− x¯)2
[
k⊥
k2⊥ + x
2M2
+
q⊥ − k⊥
(q⊥ − k⊥)2 +m2D (αs(k2⊥)) + x2M2
]2
. (11)
The coupling present in the definition of the Debye mass
is also evaluated at the scale k2⊥. The first term in the
bracket does not need to be screened by a screening mass
since the infrared divergence is cured by the LPM cut-off,
as shown in Sec. II D. The second term stems from dia-
gram 5 in Fig. 18 and resembles the propagator from one
of the internal gluon lines. Hence, it must be screened
with the gluon Debye mass. The binary part of the ma-
trix element reads then [57]
|MqQ→qQ|2 = 64
9
π2α2s(t)
× (M
2 − u)2 + (s−M2)2 + 2M2t
[t− κtm2D(αs(t))]2
(12)
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Figure 1. The dead cone factor DGB as a function of the
angle θ between the emitted gluon and the heavy quark for
M/
√
s = 0.1 and φ = 1.0 (the angle between k⊥ and q⊥). The
curves are for different values of k2⊥/s and q
2
⊥/s. In addition,
the result of Ref. [58] is shown. The vertical line indicates the
dead cone angle θD =M/E.
with κt = 1/(2e) ≈ 0.2 being the Debye mass prefactor
matched to hard thermal loop calculations [13, 18, 50].
As a note, forM = 0 and κt = 1 these cross sections sim-
plify to the expressions for light partons used in Ref. [49].
B. Dead cone effect
In this section we show that the dead cone effect, that
is, the suppression of gluon emission off a heavy quark
at small angles, is present in our result from Eq. (5) and
relate it to the suppression factor from Dokshitzer and
Kharzeev [58], which reads
DDK = 1(
1 + M
2
θ2 E2
)2 = 1(
1 +
θ2
D
θ2
)2 (13)
with θ being the angle between the emitted gluon and
the heavy quark and θD =M/E the dead cone angle.
In general, the dead cone factor can be defined as the
radiation spectrum of a gluon emitted off a heavy quark
as given in Eq. (10) divided by the spectrum for the mass-
less case,
DGB = P
g
M
P g0
. (14)
In contrast to DDK an explicit dependence on k⊥, q⊥,
and the angle between both, φ, remains. For E ≫M , a
small angle θ, and q⊥ ≫ k⊥ the more general dead cone
factor DGB simplifies to DDK.
Figure 1 shows the dead cone factor DGB as a function
of θ for M/
√
s = 0.1 and φ = 1.0 as well as different
parameter sets for k⊥ and q⊥. The curves of the differ-
ent q⊥-k⊥ sets do not differ much and agree well with
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Figure 2. As Fig. 1 but for M/
√
s = 0.8
the suppression factor of Dokshitzer and Kharzeev. For
large angles θ all curves saturate at one, as it is expected.
If q⊥ is much smaller than k⊥, the dead cone is more
pronounced than that of Dokshitzer and Kharzeev. The
dead cone factor is also strongly dependent on the the
angle φ and the mass M . For small φ the suppression
is considerably larger than DDK, whereas for φ = π/2
the suppression factor DGB does not depend on k⊥ and
q⊥ anymore (both not plotted). For large masses M the
suppression of DGB is also significantly larger than DDK
for the same mass, as shown in Fig. 2 for M/
√
s = 0.8.
This difference comes due to the approximation E ≫M
employed for DDK. Since DDK is strictly only valid for
small angles, the suppression factor does not go to one
for large angles in contrast to our calculation, which is
valid for all angles.
To study the suppression factor DGB in more detail
we employ the approximation q⊥ ≫ k⊥, but do not put
any constraints on the heavy quark mass or the angle of
the emitted gluon as has been done by Dokshitzer and
Kharzeev. The suppression factor then reads
DGB = P
g
M
P g0
≃
[
k⊥
k2
⊥
+x2M2
]2
[
k⊥
k2
⊥
]2 =
(
1 +
x2M2
k2⊥
)−2
=
(
1 +
M2
s tan2( θ2 )
)−2
=: DAGMMU (15)
and does not depend on k⊥ or q⊥ anymore. As a note,
this is also the result that one would directly obtain from
the result of Ref. [56], where the matrix element of the
process qQ → qQg is calculated in Feynman gauge with
slightly different approximations compared to the previ-
ous section. Therefore, we name this suppression fac-
tor in the very soft gluon approximation in the following
DAGMMU after the authors of Ref. [56]. As discussed in
Ref. [56], it is valid in the full range of θ—or rapidity of
the emitted gluon—(i.e., −π < θ < +π) and in the full
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Figure 3. The suppression factor DAGMMU from Eq. (15) as
a function of θ and M/
√
s.
range of m = M/
√
s (i.e., 0 < m < 1). As can be seen
in Fig. 3 the suppression is rather narrow in θ for small
m, but becomes very wide for large masses. The valley
around θ ≃ 0 clearly indicates the presence of the dead
cone in the forward direction with respect to the propa-
gating heavy quark. In the backward region, θ ≃ ±π, the
suppression factor saturates to unity. This suggests that
the quark mass plays only a role in the forward direction
where the energy of the quark becomes of the order of its
mass.
As shown in Ref. [56], in the limitM ≪ √s and θ ≃ 0,
it is
√
s ≃ 2E and tan(θ/2) ≃ θ/2 and Eq. (15) reduces
to the result of Dokshitzer and Kharzeev from Eq. (13).
C. Comparison of Gunion-Bertsch and exact cross
sections
In this section we compare the improved GB matrix
elements for the heavy quark process qQ → qQg from
Eq. (5) to the exact matrix element calculated without
any approximations. The exact matrix element for qQ→
qQg can be obtained from the process qq¯ → QQ¯g, which
has been calculated in Ref. [59], by crossing the two anti-
quarks. We checked numerically that it agrees with the
exact matrix element for the light quark process qq′ →
qq′g [60] if the mass of the heavy quark is set to zero.
The following comparison is done analogously to
Ref. [45], where the improved GB and exact matrix el-
ement for light partons have been compared. All calcu-
lations take into account the full kinematics for heavy
quarks while ensuring energy and momentum conserva-
tion.
Both the exact and GB matrix elements are diver-
gent for infrared and collinear configurations. Usually
these divergences are screened with a screening mass of
the order of the Debye mass. However, since it is not
straightforward to identify the propagators in the com-
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Figure 4. Differential cross section dσ/dy for heavy and light
quark scattering, qQ → qQg, calculated with the exact [59]
and improved GB (5) matrix element for different heavy quark
masses M .The calculations are done for s−M2 = 18T 2 and
ǫ = 0.001. The incoming heavy quark Q goes in the posi-
tive rapidity direction and the light quark q in the negative
direction.
plex expression of the exact matrix element, we cut in-
stead in the integration if the scalar product of any in-
coming or outgoing four-momenta is smaller than a cut-
off Λ2, pi · pj < Λ2 with i, j = 1...5, where Λ2 is chosen
to be proportional to the Debye mass,
Λ2 = ǫm2D . (16)
The calculations in this section are done for a tem-
perature of T = 400MeV. The coupling is set con-
stant, αs = 0.3, and the squared center-of-mass energy to
s −M2 = 18T 2 ≃ 2.88GeV2, which is for massless par-
ticles the average thermal value. We determine Λ from
the usual gluon Debye mass for Boltzmann statistics as
in Ref. [45]. For nf = 3 at the given temperature and
coupling, the Debye mass is m2D = 8αs(3 + nf )T
2/π ≃
0.73GeV2.
Figure 4 compares the rapidity spectrum of the emitted
gluon for the scattering of a heavy quark with a light
quark, qQ → qQg. For a heavy quark mass of M =
0GeV, the process is in fact a scattering of two light
quarks and, thus, symmetric. Furthermore, the gluon
emission spectra for massive heavy quark scatterings are
depicted for the charm and bottom masses. At forward
rapidities—or small emission angles—the gluon emission
spectrum is suppressed, which is a consequence of the
dead cone effect (cf. Sec. II B). Independent of the heavy
quark mass, the agreement between the improved GB
and exact matrix element is remarkably good.
To reduce the screening effect as much as possible we
set ǫ = 0.001 in Fig. 4. In Fig. 5 we explore the de-
pendence of the ratio of the total cross sections of the
improved and exact matrix element on the cut-off param-
eter ǫ. The deviation from one for all ǫ is rather small
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Figure 5. Ratio of the total cross section σ of the improved
GB matrix element to the exact result for qQ → qQg as a
function of the screening cut-off ǫ from Eq. (16) for different
heavy quark masses M .
for both light and heavy quarks. Note that the thresh-
old, above which the whole phase space is cut away, is
smaller for heavy quarks. Thus, these curves go back to
zero for smaller ǫ compared to the light quark case where
the gray box depicts the region with zero cross section.
We conclude that the improved GB approximation
is a good approximation for studying radiative gluon
bremsstrahlung processes for both light and heavy par-
tons.
D. Landau-Pomeranchuk-Migdal effect
The Landau-Pomeranchuk-Migdal (LPM) effect [61,
62] describes the suppression of medium-induced
bremsstrahlung processes due to coherence effects of mul-
tiple scatterings.
For a jet traversing a medium radiation processes are
induced by the medium. If the wavelengths, or equiva-
lently the formation times, of the radiated particles (glu-
ons in QCD or photons in QED) are large compared
to the time between subsequent interactions with the
medium constituents, interference effects lead to a sup-
pression of the radiation. In the QED case the time be-
tween two scattering processes is given by the mean free
path of the jet. However, in QCD also the emitted gluon
carries color charge and interacts, leading to a modifica-
tion of its formation time and a more complicated sup-
pression procedure [63–65].
The implementation of such a coherence effect is rather
involved in a semi-classical transport model like BAMPS.
To this end we implement an effective description of the
LPM effect by allowing only processes that fulfill the re-
lation [47, 49, 66]
λ > XLPM τ , (17)
where λ is the mean free path of the considered particle
and τ the formation time of the emitted gluon. XLPM is a
parameter of this effective prescription. While XLPM = 0
corresponds to the case of no LPM suppression and there-
fore is infrared divergent,XLPM = 1 allows only processes
where the emitted gluon is already formed before the next
scattering takes place, thus, forbids all possible interfer-
ing processes. We expect that a more sophisticated im-
plementation of the LPM effect corresponds effectively
to an XLPM that is between these two extreme cases,
0 < XLPM < 1. Recently, more sophisticated implemen-
tations of the LPM effect in Monte Carlo simulations
have been introduced [67–70] and it would be interesting
to study the impact of those on the BAMPS simulations.
We leave this as an involved future project.
The constraint from Eq. (17) can be ensured by mul-
tiplying the matrix element (9) with the step function
Θ (λ−XLPM τ) (18)
before integrating to calculate the cross section. This
makes the cross section—and thus also the rate—
dependent on the mean free path, which in turn influ-
ences the mean free path. Hence, the actual mean free
path of the jet must be determined in an iterative proce-
dure,
λ = lim
i→∞
λi = lim
i→∞
v
R22 +R23(λi−1) +R32(λi−1)
, (19)
where v is the velocity of the considered particle in the
rest frame of the medium and Rn the rate for process n.
The rates for 2↔ 3 are influenced by the LPM effect and,
therefore, depend on the mean free path itself. However,
for heavy quarks we will neglect 3 → 2 processes since
their rates are much smaller than the other processes.
The formation time of a radiated gluon of a heavy
quark with mass M is given in the center of mass frame
by [46]
τcms ≃ ω
k2⊥ + x
2M2
. (20)
It is important to consider the formation time and the
mean free path in the same frame of reference. The boost-
ing from frame to frame is done analogously as outlined
in Ref. [66]. There, the formation time of gluon emis-
sion off massless partons is calculated in the frame in
which the emitted gluon is purely transverse. Accord-
ing to the uncertainty principle the formation time reads
τtrans = 1/k⊥. This result can be generalized to heavy
quarks by boosting Eq. (20) to this frame,
τtrans =
k⊥
k2⊥ + x
2M2
. (21)
As a note, the whole treatment of the LPM cut-off for
heavy quarks is in line with the implementation for light
partons [47, 49, 66] and reduces to the latter if the heavy
quark mass M is set to zero.
7E. Phase space constraints due to kinematics and
the Landau-Pomeranchuk-Migdal effect
The allowed phase space of the emitted gluon is con-
strained by the LPM cut-off and by kinematics. The
constraint from kinematics due to energy and momen-
tum conservation demands
k⊥ <
√
s(1−m2)
2 coshy
, (22)
where we defined m = M/
√
s as the heavy quark mass
M scaled by the center-of-mass energy
√
s.
The implementation of the LPM cut-off allows only
interactions if λ > XLPM τ = XLPM γτtrans, where γ de-
notes the boost from the lab frame to the frame in which
the emitted gluon in purely transverse. By employing
Eq. (26) and taking into account the boost between the
different reference frames, in which λ and τtrans are cal-
culated, this constraint can be rewritten in terms of y
and k⊥, [46]
k⊥ > XLPM
cosh y +A sinh y
B (1 +m2e2y)
(23)
with A = βcms cos θ and B = λ
√
1− β2cms, where βcms
denotes the boost from the lab to the center-of-mass
frame and θ the angle between the the boost from lab to
center-of-mass frame and the boost from center-of-mass
frame to the frame in which the emitted gluon is purely
transverse [46].
This relation only holds if the heavy quark is the in-
coming particle number 1 that flies in the positive z di-
rection. If the heavy quark is particle 2, all the findings
of this section must be substituted with y → −y due to
the symmetry of the process.
This implies that the available phase space of the emit-
ted gluon in the y-k⊥-plane in the center-of-mass frame
is enveloped between the two curves
fkin(y) =
√
s(1−m2)
2 cosh y
flpm(y) = XLPM
cosh y +A sinh y
B (1 +m2e2y)
, (24)
which stem from Eqs. (22) and (23), respectively.
In Fig. 6 the available phase space in the y-k⊥-plane
is illustrated. The drawn curves show the envelope func-
tions fkin(y) and flpm(y). The dashed line represents
for comparison the LPM constraint for a massless quark.
In this case the LPM effect serves as a lower cut-off in
k⊥. In contrast, the emission from a massive quark with
very small k⊥ is allowed at very forward rapidity because
of the mass dependence of the formation time, although
the cross section in this region is very small due to the
(1 − x¯) factor and the x2M2 term in the denominator
of the matrix element from Eq. (10) (dead cone effect).
This interplay between the LPM and dead cone effect
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Figure 6. Phase space sampling in the y-k⊥-plane of the
emitted gluon in the center-of-mass frame for a heavy quark
with E = 3GeV and mass M = 1.3GeV. The heavy
quark comes from the left and has a momentum of p1 =
(E, 0, 0,
√
E2 −M2). The medium particle is taken as p2 =
(3T, 0, 0,−3T ) with T = 0.4GeV. The upper envelope curve
is the constraint due to kinematics, fkin(y), while the lower
line is the LPM constraint, flpm(y). Allowed phase space
is the area between these two curves. For comparison, the
dashed line shows the LPM constraint for a massless quark.
Each of the 100 000 dots represents one sampled phase space
point from BAMPS. The mean free path is taken to be
λ = 1 fm and XLPM = 1.
prevents a divergence of the cross section for small k⊥ in
the case of heavy quark scatterings.
Each dot depicts a sampled phase space point from
BAMPS for the given parameters. It can be nicely seen
that all sampled phase space points obey the phase space
constraints from Eqs. (22) and (23). The density of the
points is a measure for the value of the matrix element
in this phase space region. The density increases with
smaller k⊥ and is largest around mid-rapidity. At posi-
tive rapidities the density is lower than at negative rapidi-
ties, which is due to the dead cone effect (see Sec. II B).
III. ELASTIC VS. RADIATIVE ENERGY LOSS
IN A STATIC MEDIUM
Before turning to full heavy-ion collisions we study in
this section the energy loss of light and heavy quarks
in a static thermal medium with a temperature of T =
400MeV. In the following we set the LPM parameter
to XLPM = 1, but explore at the end of this section the
energy loss dependence on this parameter.
Figure 7 depicts the elastic and radiative energy loss
of light, charm, and bottom quarks for a constant cou-
pling (αs = 0.3) and standard Debye screening (κt = 1).
The radiative energy loss is larger than the elastic en-
ergy loss for all quark masses. While both have similar
sizes at small energy, they differ by about a factor of two
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Figure 7. Elastic and radiative energy loss per unit length of
a light quark (M = 0GeV), a charm quark (M = 1.3GeV),
and a bottom quark (M = 4.6GeV) traversing a static ther-
mal medium with temperature T = 0.4GeV. The curves are
calculated with constant coupling and Debye mass prefactor
κt = 1. The mean free path that enters in the LPM cut-off is
determined iteratively.
at larger energies for all flavors. The mass hierarchy is
visible for both the elastic and radiative energy loss—
heavy quarks lose less energy. However, between light
and charm quarks the difference for the radiative energy
loss is only marginal. As we have mentioned in Sec. II D,
the LPM cut-off suppresses the gluon emission at small
angles and partly overshadows the dead cone of heavy
quarks. The charm quark dead cone is rather small at
larger energies. Consequently, the energy loss is mostly
influenced by the LPM suppression, which renders the
charm and light quark curves to be rather similar.
This reasoning can be nicely verified by looking at the
angular distribution of the gluon emitted off a light and
charm quark jet. In the upper panel of Fig. 8 the differ-
ential cross section is depicted as a function of the gluon
emission angle with respect to the jet for light, charm,
and bottom quarks. The distributions of light and charm
quarks are very similar. Small angles are suppressed due
to the LPM cut-off, but no additional dead cone suppres-
sion for charm jets can be seen.
For illustration, in the lower panel of Fig. 8 the mean
free path that enters in the LPM cut-off is not deter-
mined iteratively (which is the default implementation
in BAMPS, see Sec. refsec:lpm and Ref. [66]), but set by
hand to a large value of λ = 10 fm. Hence, the LPM
suppression is reduced and smaller angles are allowed.
Consequently, the suppression due to the dead cone ef-
fect becomes visible again, which results in a stronger
suppression of charm quarks at small angles compared to
light quarks.
In contrast to charm quarks, the dead cone for bot-
tom quarks is more pronounced and is even visible for
an iteratively calculated mean free path. Hence, also
the energy loss in Fig. 7 is considerably smaller than for
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Figure 8. Average differential cross section dσ/dθ of a light,
charm, and bottom quark jet with energy E = 10GeV as a
function of the angle θ, at which the gluon is emitted in the
lab frame with respect to the jet direction. For the upper
plot the mean free path that enters in the LPM cut-off is
determined iteratively, while for the lower plot it is set by
hand to the large value of λ = 10 fm.
lighter quark flavors. The similar energy loss of light and
charm quarks could be an explanation why the measured
nuclear modification factors of charged hadrons and D
mesons in heavy-ion collision have the same values. We
discuss this in more detail in Sec. IV.
Similar features can be seen for a running coupling
(not shown). Only the energy dependence of elastic and
radiative energy loss changes slightly since the running
coupling decreases with increasing momentum transfer.
The previous calculations have been done for the LPM
parameter XLPM = 1. Figure 9 depicts the XLPM de-
pendence of the energy loss for light, charm, and bottom
quarks with an energy of E = 10GeV. The total cross
section depends logarithmically on XLPM. Since the en-
ergy loss per collision is only mildly influenced by XLPM,
the energy loss per unit length is also logarithmically de-
pendent on XLPM, dE/dx ∼ ln 1/XLPM. As discussed
above, the energy loss of light quarks and charm quarks
is comparable for XLPM = 1 (cf. Fig. 7) because an LPM
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Figure 9. Dependence of the radiative energy loss of light,
charm, and bottom quarks with E = 10GeV on XLPM, which
denotes a prefactor in the LPM cut-off, Θ (λ−XLPM τ ).
dead cone overshadows the mass dead cone of the charm
quark. For XLPM < 1 the impact of the LPM cut-off
is reduced and the energy loss of charm quarks becomes
smaller than that of light quarks, which is in accordance
with the expectations from the dead cone effect.
IV. ELLIPTIC FLOW AND NUCLEAR
MODIFICATION FACTOR FROM ELASTIC AND
RADIATIVE PROCESSES
In Ref. [18, 19] we saw with BAMPS that binary colli-
sions alone cannot explain the experimental heavy flavor
data, neither at RHIC nor at LHC. However, if the bi-
nary cross sections are scaled with a phenomenological
K factor, both the elliptic flow v2 and nuclear modifica-
tion factor RAA of heavy flavor particles can be described
at RHIC and LHC. We concluded that missing contribu-
tions such as radiative processes or quantum effects play
an important role.
In this section we explicitly add the radiative contribu-
tions and study if binary and radiative processes together
can explain the experimental data. In Sec. IVA the fo-
cus is put on the similarities and differences of light and
heavy flavor particles. Furthermore, the influence of the
dead cone effect is investigated. To treat light and heavy
flavor partons on the same footing, we use for all species
the standard Debye screening. In Sec. IVB we explic-
itly study the effect of the improved screening procedure
and confront various heavy flavor calculations with ex-
perimental data.
Heavy quarks and high-energy light partons studied
in this section are set on top of fully simulated BAMPS
background events to enhance the statistics of these rare
probes. This treatment is in line with full BAMPS sim-
ulations, but neglects medium response effects. In this
section we use solely background events calculated with
the original Gunion-Bertsch cross section [71]. They cor-
rectly reproduce bulk medium properties such as the
measured elliptic flow of charged hadrons [72, 73]. We
checked that background events calculated with the im-
proved Gunion-Bertsch cross section, do not change the
RAA results presented in this section due to a similar
number of scattering centers. However, the light parton
elliptic flow with the improved Gunion-Bertsch cross sec-
tion is slightly reduced, which in turn would also slightly
decrease the elliptic flow of heavy quarks. In summary,
the results in this section are calculated with a bulk
medium that correctly features the experimentally mea-
sured properties and, thus, is appropriate to study the
suppression and flow of hard probes. Furthermore, it is
the same medium evolution in which previous heavy fla-
vor BAMPS calculations [18, 19] have been performed.
A. Comparison between heavy and light flavor
Since the improved screening procedure with setting
the screening mass prefactor to κt = 0.2 has only been
derived for massive quarks and we want to treat heavy
and light flavor on the same footing in order to make
proper comparisons, we employ in this section the stan-
dard Debye screening for both light and heavy partons.
Nevertheless, in the next section we investigate the in-
fluence of the improved screening procedure on heavy
quark observables. It would be also interesting to extend
the derivation of the improved screening procedure from
comparisons to HTL calculations to the light parton sec-
tor and determine the value of κt for light particles.
It is important to note that the same cross sections
are employed for light and heavy partons. That is, if
the mass in the heavy flavor cross sections for elastic
or radiative processes is set to zero the cross sections of
light quarks [49] are obtained. Also the LPM cut-off and
the treatment of all the kinematics are implemented in
BAMPS consistently for massive and massless particles.
Since 3→ 2 processes have only minor relevance for the
energy loss of high-energy particles, we neglect those pro-
cesses in the following study.
The fragmentation of heavy quarks to D and B mesons
is performed with Peterson fragmentation [74] as for pre-
vious studies. Light partons are fragmented to charged
hadrons by using the AKK fragmentation functions [75],
which are obtained from global fits to data.
As discussed in Sec. II D, the way how the LPM ef-
fect is implemented in BAMPS forbids too many of the
radiative processes, leading to a destructive interference
that is too strong. A more sophisticated treatment of
the LPM effect should allow more processes. We intro-
duced a first step in this direction in Sec. II D by lower-
ing the formation time of the emitted gluon by a factor
XLPM, which effectively allows more radiative processes
for 0 < XLPM < 1.
In Ref. [49] we found that the best agreement with the
neutral pion nuclear modification factor data at RHIC
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Figure 10. Nuclear modification factor RAA of charged
hadrons, D mesons, and non-prompt J/ψ at LHC forXLPM =
0.3 in comparison to data [76, 77]. Note that the impact pa-
rameter b = 3.6 fm represents approximately a centrality class
of 0-10%, while the data is only available for slightly different
centrality classes.
is given for XLPM = 0.3. Simultaneously, the RAA of
charged hadrons at LHC is nicely reproduced, not only
the magnitude of suppression but also the shape and es-
pecially the rise with pT (see also Fig. 10). For the same
value also a significant light parton elliptic flow is ob-
served due to a small shear viscosity over entropy den-
sity ratio of about 0.2 − 0.3 at late stages. However, it
is important to mention that the exact value of XLPM is
not theoretically motivated and, thus, a free parameter.
Nevertheless, we expect that a more sophisticated LPM
implementation boils effectively down to an XLPM < 1.
It is planned for the future to improve the implementa-
tion of the LPM effect in BAMPS and study the impact
on observables such as the RAA.
If we set the same value XLPM = 0.3 also for heavy
quarks, the experimental data of the D meson nuclear
modification factor is also nicely reproduced, as can be
seen in Fig. 10. Since we employ the standard De-
bye screening in this section to heavy quark interactions
as well, both heavy and light partons are treated con-
sistently. Although the dead cone effect is present in
our matrix element, the RAA of D mesons and charged
hadrons are comparable, as it is also the case for the data.
There are two reasons for that: first, as described in de-
tail in Sec. III, the LPM cut-off produces a second dead
cone that overlays the dead cone due to the heavy quark
mass and effectively annihilates its influence. This leads
to a similar suppression of light and heavy quarks. How-
ever, gluons are still stronger suppressed. The second rea-
son lies in the fragmentation process. The D meson RAA
is not really modified by the fragmentation, whereas the
fragmentation of light quarks and gluons shifts the light
hadron RAA closer to the light quark curve (see Ref. [49]
for details) and, thus, also to the D meson curve. Con-
sequently, due to the interplay between these two effects,
both the D meson and charged hadron RAA take very
similar values.
Recently, the same observation was made by Djordje-
vic [12] within an extension of the WHDG framework.
Also in this model, the suppression of light and charm
quarks is comparable, whereas gluons are more sup-
pressed. However, analogously to what we have observed,
mass effects in the fragmentation function result in a sim-
ilar suppression of charged hadrons and D mesons.
In Fig. 10 we depict besides the charged hadron and
D meson RAA for XLPM = 0.3 also the RAA of non-
prompt J/ψ for the same parameter. Non-prompt J/ψ,
which stem from B mesons, are less suppressed than D
mesons or charged hadrons. Because of the large mass of
bottom quarks, the dead cone due to the mass is larger
than the dead cone due to the LPM cut-off. This leads
to a smaller suppression of bottom quarks compared to
charm quarks. The experimental data of non-prompt
J/ψ is slightly smaller than our curve but still larger than
the D meson data (however, note the slightly different
centrality classes).
B. Open heavy flavor at RHIC and LHC with
improved screening
In the previous section we employed the standard De-
bye screening to ensure a similar treatment of light and
heavy partons. In contrast, we study in this section the
effect of the improved screening procedure (κt = 0.2) on
heavy flavor observables.
Figure 11 depicts the RAA and v2 of heavy flavor elec-
trons in non-central RHIC collisions for various parame-
ter sets. The suppression with standard Debye screening
(κt = 1) andXLPM = 1 is smaller than the data, since too
many radiative processes are forbidden due to the LPM
cut-off. Lowering the LPM parameter to XLPM = 0.3
as in the previous section gives a good agreement with
the RAA data of heavy flavor electrons at large pT , while
the neutral pions at RHIC are also well described for the
same parameter [49].
However, for both values of XLPM the elliptic flow of
heavy flavor electrons is significantly smaller than the
data. Qualitatively, this effect is also present for light
quarks. Although the gluons build up a sizeable elliptic
flow at RHIC, the light quarks have a significantly smaller
flow [49] due to the smaller color factor (4/9 smaller com-
pared to gluons) in the cross section. The elliptic flow of
heavy quarks cannot be larger than that of light quarks
for the same parameters. Hence, the v2 of electrons that
is comparable to that of charged hadrons cannot be de-
scribed.
Setting κt = 0.2 leads to a large binary cross section
and a small mean free path of the heavy quark. Due
to the implementation of the LPM effect (see Sec. II D),
most of the radiative processes are forbidden. Thus, the
total rate or energy loss for running coupling and im-
proved screening is completely dominated by the binary
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Figure 11. Nuclear modification factor RAA (top) and ellip-
tic flow v2 (bottom) of heavy flavor electrons in non-central
events at RHIC for running and different values of the screen-
ing prefactor κt and the LPM parameter XLPM. For compari-
son, data [78] and the curve with only scaled (K = 3.5) binary
collisions [19] are shown.
processes. Since effectively no radiative processes are al-
lowed, also the RAA is above the data for large pT .
In Ref. [49] we found that the best description of the
RAA data of light particles is given with XLPM = 0.3,
for which also the RAA of D mesons with a standard De-
bye screening is well described (see previous section). If
we employ the improved screening procedure, the best
agreement with the RAA data at large pT is found for
XLPM = 0.2, which is depicted in Fig. 11. It is worth
noting that the value of XLPM that gives a good agree-
ment with the improved screening lies in the same range
as that for the standard Debye screening. However, we
want to emphasize again that the exact value of XLPM
is a free parameter, although a value smaller than one
is expected from theoretical considerations. We expect
that a more sophisticated treatment of the LPM effect
makes such XLPM factors obsolete.
For comparison, we also show the curve from Ref. [19],
which was obtained by allowing only binary collisions and
scaling the cross sections withK = 3.5. It gives a slightly
stronger suppression than the curve with XLPM = 0.2 at
large pT and a slightly weaker suppression at small pT .
This reflects the observation made for the energy loss in
a static medium (see also Fig. 12): including radiative
processes is not the same as scaling the binary cross sec-
tions with a constant K factor since both energy loss
distributions have distinguished energy dependencies.
For the elliptic flow, the picture looks very different
(see lower panel of Fig. 11). None of the curves that in-
clude radiative interactions can describe the elliptic flow
data. In contrast, the scenario with the scaled binary
interactions gives a sizeable v2, although its RAA is com-
parable to the curve with XLPM = 0.2. This similarity
in the RAA and the large deviation for the v2, simulta-
neously, are at first sight surprising. However, the mech-
anisms responsible for the two observables are very dif-
ferent. For the RAA, the energy loss is the important
quantity, while v2 is most effectively build up by a large
transport cross section.
In Fig. 12 we depict the energy loss and transport cross
section, which we define as
〈
σ sin2 θ
〉
, of charm quarks in
a static medium for the two scenarios: only binary in-
teractions scaled with K = 3.5 and binary as well as
radiative processes with XLPM = 0.2. Although the en-
ergy loss of both scenarios is on the same order,1 the
transport cross section deviates strongly. This leads to a
very similar RAA, but a large v2 for the case with only
(scaled) binary interactions. However, a more detailed
study (not shown here) reveals that the angular distribu-
tion is rather similar for elastic and radiative processes.
Only the cross sections of both scenarios differ substan-
tially. Due to the large K = 3.5 factor, the scenario
with only scaled elastic collisions has a much larger cross
section than the scenario with elastic and radiative pro-
cesses. Since the energy loss per collision for radiative
processes is significantly larger than for elastic interac-
tions, the overall energy loss per unit length is similar.
Nevertheless, the large cross section for the scenario with
only scaled binary collisions produces a large v2 that is
in agreement with the data.
Figures 13 and 14 depict the nuclear modification fac-
tor of D mesons and non-prompt J/ψ, respectively, in
Pb+Pb events at LHC. Again, the curves with elastic and
radiative processes and XLPM = 1 are significantly larger
than the data, but the curves withXLPM = 0.2 agree very
well with the experimental results for both D mesons and
non-prompt J/ψ. This indicates that the mass hierarchy
of heavy quarks is accurately described within BAMPS
if the improved screening procedure is employed. To this
end, it is not surprising that the heavy flavor electrons
from D and B meson decays at LHC agree also with the
data for XLPM = 0.2, as shown in Fig. 15.
1 The scaled binary cross section has a slightly larger energy loss,
which is reflected in a slightly smaller RAA at large transverse
momentum in Fig. 11.
12
-1
 0
 1
 2
 3
 4
 5
 6
 7
 8
 0  5  10  15  20
dE
/d
x 
[G
eV
/fm
]
p [GeV]
T = 400 MeV, running αs
2→2 & 2→3, κ=0.2, XLPM=0.2
only 2→2, κ=0.2, K=3.5
 1
 1.5
 2
 2.5
 3
 3.5
 0  5  10  15  20
ra
tio
 0
 0.5
 1
 1.5
 2
 2.5
 3
 3.5
 4
 4.5
 5
 0  5  10  15  20
〈 σ
 
si
n2
θ 
〉 [m
b]
p [GeV]
T = 400 MeV, running αs
2→2 & 2→3, κ=0.2, XLPM=0.2
only 2→2, κ=0.2, K=3.5
Figure 12. Energy loss dE/dx (upper panel) and transport
cross section, which we define as
〈
σ sin2 θ
〉
, where θ is the
deflection of the charm quark in the lab frame, (lower panel)
of charm quarks with momentum p in a static medium with a
temperature T = 400MeV. A running coupling and improved
Debye screening are employed. The first curve includes binary
and radiative collisions withXLPM = 0.2 and the second curve
only binary collisions with K = 3.5.
Figures 16 and 17 display the elliptic flow of heavy fla-
vor electrons and D mesons, respectively, in non-central
events at LHC. Analogously to RHIC, the elliptic flow at
LHC cannot be explained by elastic and radiative pro-
cesses with XLPM = 0.2, although the RAA is described
with this parameter. In contrast, the curve with only
binary collisions scaled with K = 3.5 describes both
the electron and D meson RAA. The explanation for
the discrepancy between the two curves is the same as
mentioned in the discussion of the RHIC results: the
transport cross sections of the scaled binary collisions
are larger than for the scenario with binary and radia-
tive processes and XLPM = 0.2, although the energy loss
is very similar. Hence, both have a rather similar RAA
(see Figs. 13, 14, and 15) but a different v2.
A possible reason why we obtain a small elliptic flow
with elastic and radiative processes might be that addi-
tional effects are missing. We neglect initial stage fluctu-
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13
-0.05
 0
 0.05
 0.1
 0.15
 0.2
 0.25
 0.3
 0  2  4  6  8  10  12  14
H
F 
el
ec
tro
n 
v 2
pT [GeV]
Pb+Pb
√s = 2.76 TeV b = 8.3 fm |y| < 0.8
running αs
κ=1.0, XLPM=1.0
κ=0.2, XLPM=0.2
only 2→2, κ=0.2, K=3.5
20-40% (ALICE prel.)
Figure 16. Elliptic flow v2 of electrons at LHC for b = 8.3 fm
together with data [81] for the same configurations as in
Fig. 13.
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Figure 17. Elliptic flow v2 of D mesons at LHC with b =
9.7 fm together with data [82] for the same configurations as
in Fig. 13.
ations, apply only Peterson fragmentation instead of co-
alescence at small transverse momenta, and do not take
hadronic interactions into account. Furthermore, we ne-
glect 3 → 2 processes, which can have a sizeable con-
tribution in the low pT region. All of these effects are
expected to increase the elliptic flow, while the nuclear
modification factor at large pT is not strongly affected.
Most of the open heavy flavor models in the literature
that include radiative interactions cannot describe the
nuclear modification factor and elliptic flow simultane-
ously. Both in the ASW [8] and GLV (or the extended
WHDG) [9, 10, 22, 23] framework the RAA is well de-
scribed (also for light partons), but the calculated v2 is
significantly smaller than the data. The same is true for
the results of Refs. [27, 28], where radiative processes
have been implemented in a Langevin approach coupled
to a 2 + 1D viscous hydrodynamic model.
In contrast, the Nantes group explains the RAA and
v2 data simultaneously fairly well if elastic and radiative
interactions are rescaled with K = 0.7 [15, 16]. This
result is at first sight surprising, given that in BAMPS
quite similar physics is implemented and—as we saw in
this section—BAMPS cannot describe RAA and v2 simul-
taneously with radiative collisions. However, although
the Gunion-Bertsch matrix element is also employed in
Refs. [15, 16], two phenomena are treated differently com-
pared to BAMPS. First, the emitted gluon acquires a fi-
nite mass from screening effects, whereas it is massless
in BAMPS. Second, in contrast to BAMPS (see Sec. II D
for our implementation), the LPM effect is implemented
through an interpolation between single and multiple
scatterings [83] that is matched to the BDMPS result
[65]. Both effects lead to very different properties of ra-
diative processes in BAMPS and the Nantes model [84],
although the underlying matrix element is the same. Fur-
thermore, differences in the background medium evolu-
tion might also lead to additional differences in the heavy
quark observables.
The authors of Refs. [36] and [38, 39] find that within
the resonance scattering approach the RAA and v2 can be
reasonably well described simultaneously if coalescence is
taken into account. The driving force behind this is the
s channel process, which leads to large angle scatterings
and, thus, large transport cross sections.
V. CONCLUSIONS
In this paper we studied the interactions of heavy
quarks in the partonic medium created in ultra-
relativistic heavy-ion collisions at RHIC and LHC with
the partonic transport description BAMPS. In addition
to elastic interactions that have been previously imple-
mented in BAMPS, we introduced in this paper also ra-
diative heavy flavor process. To this end, we extended the
recent calculation of the improved Gunion-Bertsch ma-
trix element to finite masses and showed explicitly that
the dead cone suppressions also occurs in our calcula-
tion. However, we found in the energy loss calculation of
charm and light quarks in a static medium that the im-
plementation of the LPM effect produces a second dead
cone for both light and heavy particles that overshad-
ows the original dead cone due to the heavy quark mass.
Consequently, small angle radiation off both charm and
light quarks is suppressed and both have a very similar
radiative energy loss.
A similar suppression of light and charm quarks is also
found in full BAMPS simulations of heavy-ion collisions
at LHC. In connection with the stronger suppression of
gluons due to a larger color factor and mass effects in the
fragmentation process of high energy partons, we found
that the nuclear modification factor of D mesons and
charged hadrons takes very similar values. Furthermore,
we found a good agreement with the experimental data of
both species for standard Debye screening and the same
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LPM parameter.
Considering the improved Debye screening extracted
from hard-thermal-loop calculations for heavy flavor pro-
cesses, we find a good agreement with the experimental
data for the nuclear modification factor of heavy flavor
electrons at RHIC and D mesons, non-prompt J/ψ, and
heavy flavor electrons at LHC when taking both elastic
and radiative processes into account. However, the ellip-
tic flow of D mesons and heavy flavor electrons cannot be
simultaneously described. This is in contrast to previous
BAMPS calculations with only elastic interactions. After
multiplying the cross sections by a phenomenological fac-
tor of K = 3.5 both observables could be simultaneously
described fairly well. The reason for this lies in a smaller
transport cross section of elastic and radiative processes
compared to only elastic scatterings scaled with K = 3.5,
although the energy loss of both scenarios is rather sim-
ilar.
From the observations in this paper one can conclude
that radiative processes do not enhance the cross section
substantially at low transverse momenta and can there-
fore not fully account for the build-up of the elliptic flow.
It seems that the kinematics of binary interactions—
either small-angle-peaked pQCD elastic processes with a
K factor or s channel dominated resonance scatterings—
are needed to get an agreement with the experimental
elliptic flow data. Or in other words, heavy quarks must
have a large cross section—or at least a large transport
cross section as in the case of resonance scatterings—for
interactions with the other medium constituents to pick
up the elliptic flow of the medium.
However, as we also showed in this work, the inclusion
of radiative processes influences the results on the nuclear
modification factor and elliptic flow differently—the RAA
is strongly decreased but the v2 only slightly increased.
Hence, it is not clear whether models that include only bi-
nary scatterings (via pQCD or resonance scattering) can
still describe the nuclear modification factor and elliptic
flow of heavy flavor particles simultaneously if radiative
processes are taken into account.
Possible effects like initial fluctuations or coalescence
have been neglected in this study. Both of them are ex-
pected to lead to an increase of the elliptic flow. Further-
more, 3→ 2 processes for heavy quarks are not taken into
account in this study, which can also enhance the elliptic
flow. However, in a previous study [49] we found that
with 2 → 2 and 2 ↔ 3 interactions the partonic elliptic
flow is dominated by the elliptic flow of gluons. Light
quarks have a significantly smaller flow due to a smaller
color factor. If heavy quarks interact via the same mech-
anisms as light quarks with other medium constituents,
heavy quark elliptic flow should not be larger than that
of light quarks. Consequently, it is not clear how heavy
particles dominated by heavy quarks and light particles
dominated by gluons could have a similar flow as in-
dicated by data when pQCD properties imply a larger
color factor (and therefore larger scattering rate) for the
latter. However, the picture is significantly complicated
by hadronization and especially the role of gluons in it.
Therefore, more detailed studies, in particular, on the
hadronization mechanism are needed to draw more defi-
nite conclusions.
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Appendix: Gunion Bertsch matrix element for
inelastic heavy and light quark scattering
In this section we outline the calculation of the matrix
element of the process q + Q → q + Q + g within the
Gunion-Bertsch (GB) approximation. The matrix ele-
ment for light quarks within this approximation was first
calculated in Ref. [71] and recently revisited in Ref. [45].
In the following we extend the latter calculation to a fi-
nite mass for one of the two quarks.
The Feynman diagrams for the process qQ→ qQg are
given in Fig. 18. We label the four-momentum of the in-
coming heavy quark with p1 and the incoming light quark
with p2. The outgoing heavy and light quarks are p3 and
p4, respectively. The radiated gluon is denoted with k
and the momentum transfer of the process or, equiva-
lently, the momentum of the internal gluon propagator is
q.
In the following we use light cone coordinates because
these are better suited to this particular problem. In
the center-of-mass frame, the momenta of the incoming
particles in light cone coordinates are given by
pµ1 =
(√
s,
M2√
s
, 0, 0
)
pµ2 =
(
0,
s−M2√
s
, 0, 0
)
. (25)
The Lorentz-invariant quantity
x =
k+
p+1
(26)
characterizes the fraction of light cone momentum carried
away by the radiated gluon. It can be related to the
rapidity y of the emitted gluon via
x =
k⊥√
s
ey . (27)
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Figure 18. Feynman diagrams for q +Q→ q +Q+ g.
The Gunion and Bertsch matrix element is derived
in the high-energy limit. This means that the radiated
gluon and the momentum transfer of the process are soft,
k⊥ ≪
√
s
q⊥ ≪
√
s . (28)
The third approximation relates k⊥, q⊥, and x,
xq⊥ ≪ k⊥ . (29)
These approximations are explicitly stated by GB in their
paper. However, as discussed in Ref. [45] we need in
our calculation three additional approximations, that is,
x(1 − x)s ≫ k2⊥ and all components of q and k being
soft, qµ, kµ ≪ √s, to end up with the same result as GB.
With the approximations (28) as well as (29) and from
the constraint that all external particles are on-shell one
can explicitly specify k and q in light cone coordinates
kµ =
(
x
√
s,
k2⊥
x
√
s
,k⊥
)
qµ =
(
−q2⊥
√
s
s−M2 ,
(q⊥ − k⊥)2
(1− x)√s +
k2⊥
x
√
s
+
x
1− x
M2√
s
,
q⊥
)
. (30)
The original computation of the GB matrix element
has been carried out in light cone gauge, A+ = 0.
This implies that the + component of the polarization
vector ǫ(k) is also zero. The physical polarizations of
the emitted gluon must be transverse to its momentum,
ǫ(k) · k = 0. With these two constraints the two physical
polarization vectors, i = 1, 2, are given by
ǫµ(i)(k) =
(
0,
2ǫ
(i)
⊥ · k⊥
x
√
s
, ǫ
(i)
⊥
)
, (31)
where ǫ
(1)
⊥ = (1, 0) and ǫ
(2)
⊥ = (0, 1) are possible choices.
For brevity we will suppress the polarization index (i)
in the following, keeping in mind that the final po-
larization sum will simply amount to the replacement∑
ǫ |p · ǫ⊥|2 = p2.
In the following we give the results of the individual
diagrams.
Diagram 1
The Feynman rules give for diagram 1
iMqQ1 = u¯(p3) ǫ⋆µ(k) igγµλakj
i(6p3 + 6k +M)
(p3 + k)2 −M2 igγ
νλbji
× u(p1) −igνσδ
bc
q2
u¯(p4) igγ
σλcnm u(p2)
= −i g
3
q2
λakjλ
b
jiλ
b
nm
1
(p3 + k)2 −M2 ǫ
⋆
µ(k)
× Γµν(p3, p3 + k, p1)Jν(p4, p2) , (32)
where we defined
Γµνrs (p, k, p
′) = ur(p) γµ (6k +m) γν us(p′)
=
∑
t
Jµrt(p, k)J
ν
ts(k, p
′) , (33)
but again suppressed the spin indices in Eq. (32). With
(p3 + k)
2 = M2 + 2p3 · k and employing the eikonal ap-
proximation,
Jµ(p, p+ q) ≃ (2p+ q)µ , (34)
for the sources the matrix element reads
iMqQ1 ≃ −i
g3
q2
λakjλ
b
jiλ
b
nm
1
2p3 · k ǫ
⋆
µ(k) (2p1 + 2q − k)µ
× (2p1 + q)ν(2p2 − q)ν
≃ −g λakjλbjiλbnmiM qQ0 (1− x)
2 ǫ⊥ · k⊥
k2⊥ + x
2M2
. (35)
In the last step we inserted the matrix element for the
elastic scattering without color factor
iM qQ0 =
ig2
q2
Jν(p3, p1)J
ν(p4, p2) . (36)
To end up at the GB result when calculating the term
(2p1 + q)
ν(2p2 − q)ν the restriction x(1 − x)s ≫ k2⊥ is
required in addition to the standard GB approximations
(28) and (29).
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Diagram 2
Diagram 2 is given by
iMqQ2 = u¯(p3) igγνλbkj
i(6p1 − 6k +M)
(p1 − k)2 −M2 ǫ
⋆
µ(k) igγ
µλaji
× u(p1) −igνσδ
bc
q2
u¯(p4) igγ
σλcnm u(p2) .
(37)
With (p1− k)2 =M2− 2p1 · k and the relations (33) and
(34) the matrix element reads
iMqQ2 ≃ i
g3
q2
λbkjλ
a
jiλ
b
nm
1
2p1 · k ǫ
⋆
µ(k) (2p1 − k)µ
× (2p1 + q − 2k)ν(2p2 − q)ν
≃ g λbkjλajiλbnmiM qQ0 (1− x)
2 ǫ⊥ · k⊥
k2⊥ + x
2M2
. (38)
Again the constraint x(1− x)s≫ k2⊥ needs to be used.
Diagram 3
For diagrams 3 and 4 the kinematics are slightly dif-
ferent than for the other diagrams since the gluon is
emitted from the lower line. Therefore, the components
of the momentum transfer q need to be redetermined
from the on-shell conditions (p23 = (p1 + q)
2 = 0 and
p24 = (p2 − q − k)2 = 0). With the choice of keeping k in
the form given in Eq. (30), the momentum transfer reads
qµ ≃
(
−x√s, q
2
⊥ −M2√
s
,q⊥
)
. (39)
Employing the Feynman rules and performing similar
simplifications as for the aforementioned diagrams give
for diagram 3
iMqQ3 = u¯(p3) igγσλbki u(p1)
−igνσδbc
q2
u¯(p4) ǫ
⋆
µ(k) igγ
µ
× λanj
i(6p4 + 6k +M)
(p4 + k)2
igγνλcjm u(p2)
≃ −i g
3
q2
λanjλ
b
jmλ
b
ki
1
2p4 · k ǫ
⋆
µ(k)(2p2 − 2q − k)µ
× (2p1 + q)ν(2p2 − q)ν
≃ −g λanjλbjmλbkiiM qQ0 (2− x)
ǫ⊥ · (q⊥ + k⊥)
s−M2 .
(40)
In the light cone gauge A+ and the high-energy limit, the
contribution from this diagram is much smaller than that
of diagrams 1 and 2 due to the s term in the denominator.
Therefore, we can neglect it in the following.
Diagram 4
For diagram 4 we get
iMqQ4 = u¯(p3) igγσλbki u(p1)
−igνσδbc
q2
u¯(p4) igγ
νλcnj
× i(6p2 − 6k +M)
(p2 − k)2 igγ
µλajm ǫ
⋆
µ(k)u(p2)
≃ i g
3
q2
λbkiλ
b
njλ
a
jm
1
2p2 · k ǫ
⋆
µ(k)(2p2 − k)µ
× (2p1 + q)ν(2p2 − 2k − q)ν
= 0 , (41)
since ǫ⋆µ(k)(2p2 − k)µ = 0.
Diagram 5
The last diagram is the most interesting one due to its
three-gluon vertex. With help of the Feynman rules the
matrix element can be written as
iMqQ5 = u¯(p3) igγνλcki u(p1)
−i
(q − k)2 gf
cba
× [gνσ(k − 2q)µ + gσµ(q + k)ν + gµν(q − 2k)ν ]
× ǫ⋆µ(k)
−i
q2
u¯(p4) igγ
σλbnm u(p2)
=
g3
q2(q − k)2 f
cbaλckiλ
b
nm ǫ
⋆
µ(k)
× [Jν(p3, p1)Jν(p4, p2)(k − 2q)µ
+ Jν(p3, p1)J
µ(p4, p2)(q + k)
ν
+Jµ(p3, p1)Jν(p4, p2)(q − 2k)ν ]
≃ −igfabcλckiλbnm iM qQ0 (1− x)
× 2 ǫ⊥ · (q⊥ − k⊥)
(q⊥ − k⊥)2 + x2M2 . (42)
Also for diagram 5 it was necessary to employ the con-
straint x(1 − x)s ≫ k2⊥ in addition to the standard GB
approximations.
Total matrix element
The total matrix element is the sum of all the five
diagrams where we can neglect diagram 3 and diagram
4 does not contribute. Using ([λa, λb])ki = if
abcλcki for
the sum of diagrams 1 and 2 yields for the total matrix
element
iMqQ→qQg ≃ −igfabcλckiλbnm iM qQ0 (1− x) 2 ǫ⊥
·
[
k⊥
k2⊥ + x
2M2
+
q⊥ − k⊥
(q⊥ − k⊥)2 + x2M2
]
.
(43)
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